The Diagnostic Value of Electron Microscopy
Dr S M Lewis and Dr P R Stuart (RoyalPostgraduate Medical School, London WJ2, and National Physical Laboratory, Teddington, Middlesex) Ultrastructure of the Red Blood Cell By using a transmission electron microscope objects of 5 nanometres (nm) in size can be seen quite clearly so that it is possible to study the complexity of the structure of objects which are barely visible or even invisible by the optical microscope. For this an electron beam is passed through the preparation to be examined. In the more dense regions the electrons are scattered and either do not pass through the objective aperture or else lose their energy as they pass through the specimen and spread out diffusely.
The drawback of this is that only electrons which pass through the objective aperture with uniform velocity will be focused to contribute to the details of the final image, so that the only material which will be seen is that through which the beam can pass. To provide a suitable preparation it is necessary to have an ultra-thin section. Interpretation of features in the section is limited by the fact that it is only a minute part of the whole cell. Its appearance depends on the site within the cell from which it came and also on the orientation of the cell in the embedding medium.
In spite of these limitations electron microscopy has provided valuable information about the ultrastructure of various blood cells and there is a large literature on the subject. The mature red cell has not been studied as extensively as other cells as it usually appears as an undifferentiated electron-dense mass. However, there are some conditions in which interesting features may be seen. These include sickle-cell disease in which cytoplasmic filaments are found (White 1968 , Bertles & Dobler 1969 , and Heinz-body anemia in which a distinctive crystalline-like dense structure is present in the cytoplasm (Rifkind & Danon 1965 ). In sideroblastic anaemias and various hemolytic and dyserythropoietic anemias one may see ferritin clusters and/or autophagic vacuoles. The vacuoles are thought to be responsible for the disposal of organelles; they are found when there is some dissociation of normal erythropoietic maturation and are especially abundant after splenectomy (Kent etal. 1966 ).
The membrane is either undifferentiated from the interior of the cell or identified only as a thin rim around the cell. It can be studied in better detail in hemoglobin-free ghost preparations. By this means it has been possible to show structural differences between young and old red cells (Danon & Marikovsky 1961) and to demonstrate membrane defects in thalasseemia (Hoffman et al. 1956 ) and in paroxysmal nocturnal hemoglobinuria (Lewis et al. 1965 ), but lack of perspective is a serious limitation in identifying structures seen in the membrane, whilst underlying structtures are obscured by overlying electron-dense material.
The stereoscan electron microscope provides a better means for studying topographical detail of the surface of cells in a three-dimensional view with a resolution of 10-20 nm. This procedure differs from transmission electron microscopy in that the surface is scanned by a finely focused beam of electrons; secondary electrons are liberated from the surface and they are collected and amplified in a photomultiplier, to be used to control the brightness of a cathode ray display tube. This method is being used by an increasingly large number of workers in biological fields, including haematology , Hayes & Pease 1968 ). It gives a realistic impression of perspective and it is valuable for studying tissues; however, it does not really appear to contribute a great deal of information on the structure of individual cells. It seemed to us that the stereoscan microscope should be of greater value in hematology if one were able to remove the superficial layers of the membrane and thus observe the cell structure beneath. To achieve this we have etched the cells, using a technique of ion bombardment (Lewis et al. 1968 ). It is based on the fact that in a gas-filled diode thermionic electrons moving from cathode to anode excite and ionize gas molecules. Under increased pressure this process can become very intense, producing an avalanche of ions, with a potential gradient to the cathode which is bombarded by them. Any material in the region of the cathode will be similarly bombarded (Fig 1) .
As a rule, each ion knocks off about one atom from the bombarded surface, the exact rate being determined by the ion mass and energy, the atomic weights of the target atoms, and their binding energy. Ion etching can thus turn differences in specimen density and composition into topographical differences which can then be seen by the stereoscan electron microscope. 'Radiofrequency sputtering' is a modification of the process which overcomes the problem that when the surface of the specimen becomes charged by an accumulation of excess electrons, ions will be repulsed (Anderson et al. 1962 , Davidse 1967 . This is achieved by inducing an alternating voltage with a frequency of over 10 MHz on the surface of the specimen, causing bombardment by ions and neutralization by electrons in alternate half cycles. The unit for this consists essentially of one or more water-cooled electrodes in low pressure gas. The electrons are confined to the area required by means of a magnetic field. Almost any gas can be used for ion discharge; some seem more appropriate and we have been using hydrogen, oxygen and argon. Blood is fixed by glutaraldehyde fixative. A glass slide containing a drop of this blood is placed on one of the electrodes and bombarded for a predetermined time, usually 5-15 minutes. It is then coated with a layer of gold-palladium alloy and examined in the stereoscan microscope.
With this technique etching of the surface of the membrane for five minutes in hydrogen or argon results in an evenly dispersed etch resistance and some larger plaques. The appearance bears some resemblance to that found by Weinstein & Bullivant (1967) , after freeze-cleaving of red cells. these surface irregularities may represent antigen sites, enzymes or other specific structures, but there is no evidence yet available to support this speculation. With a slightly greater degree of etching the central concavity shows a pore-like structure which is more obvious in young cells (Fig 2) and there are differences between young and old cells which are reminiscent of the differences demonstrated in ghost preparations as seen by transmission electron microscopy. The variability in etching may be due to differences in membrane thickness over the central area or to differences in molecular structure of the membrane in that area. It certainly supports the view that membrane structure and function vary in different areas of the cell.
After thirty-five minutes in hydrogen at a pressure of 1 mtorr, the membrane disappears, leaving a fibrillary network (Fig 3) . The columns may represent a true internal structure within the red cell or they may be an artifact due to variability in resistance of the membrane to ion etching leading to a shadowing effect. It seems likely that they are partly an artifact and partly a reflection of a true internal structure of the red cell. Usually one does not see definite structure in sections of red cells as viewed by transmission electron microscopy, but if blood is incubated in acidified serum one can see, in partly hmmolysed cells, an intracellular network continuous with a well-defined membrane (Fig 4) . Glaeser et al. (1966) have treated osmiumtetroxide fixed cells by NaOH digestion followed by preparation of carbon replica specimens. They demonstrated the presence of filamentous or strand-like structures with bends and loops which they suggested might represent the lipidcarbohydrate-protein complex, elinin. Alternatively, however, these might be part of the cell's internal structure and this would add support to the suggestion that in the red cell there is a network, probably consisting of stroma and hemo-Section ofPathology globin arranged in a regular form, with the hemoglobin being held in position by electrostatic charges. In unfixed blood cells the structure is not likely to be rigid but it seems possible that there is a stroma-hwmoglobin network which maintains the cell shape, or represents some basic structural design. Burton & Shrivastava (1968) have postulated that the membrane surface contains a number of regularly spaced discontinuities which are the centres of electrostatic charges, and that these charges are conducted through the cell by long chains of protein molecules oriented to maintain the characteristic shape of the red cell. Our observations give support to this idea.
In some diseases different appearances have been observed. Those of sickle cell disease have already been reported (Lewis et al. 1968) whilst in blood for a patient with Hb-Koln after six minutes etch, material which is likely to be Heinz bodies has been seen ( Fig 5) and a fifteen-minute etch in hydrogen has shown that the hemoglobin has variable resistance to etching, presumably because of altered molecular structure.
In collaboration with Dr J Williamson of the National Institute for Medical Research we have looked at malaria-infected red cells. The source for this has been heavily parasitized blood from an experimentally infected rhesus monkey. Unetched samples showed progressive distortion of the infected red cells corresponding to the increased crenation associated with schizont maturation, whilst etched samples showed internal structure corresponding to the stages of parasitic development as seen in the light microscope (Lewis et al. 1969) .
Nucleated cells provide another model for study. In the normoblast the nucleus is clearly seen. By varying the degree of etching it is possible to remove the cytoplasm of a cell leaving the nucleus intact (Fig 6A, B) and the method might be used for studying cell development and maturation.
Obviously, a great deal of systematic work needs to be done to standardize the etch procedure so that the significance of variations from normal can be appreciated and the micrographs of ion-etched specimens can be interpreted. It is clear, however, that this method opens up exciting new possibilities for electron-microscope studies of blood and other biological material. Until recently, nerve biopsy was performed only rarely. It was generally considered that, except in certain restricted instances, the information obtained did not justify the procedure. Over the past few years, however, a number of centres have employed nerve biopsy quite extensively in the investigation of peripheral neuropathies. Several factors have contributed to this change in attitude. The introduction of nerve conduction studies as a diagnostic procedure about fifteen years ago posed questions as to the nature of the underlying histopathological alterations that could not be answered in terms of what was then known about peripheral nerve pathology. Moreover, the application of the quantitative histological techniques developed during the second world war for the investigation of experimental peripheral nerve injuries in animals considerably augmented the amount of information that could be derived from biopsy specimens in man. Thirdly, the introduction of electron microscopy provided the opportunity of examining the histopathological changes at the ultrastructural level. In this paper, the nature of the additional information that electron microscopy may yield in the examination of nerve biopsies will be considered.
